OBJECTIVE: To investigate the effects of overfeeding on a high fat diet, enriched in coconut oil, and the in¯uence of food restriction on the uncoupling protein (UCP1) expression and on body fat content. DESIGN AND SUBJECTS: In experiment I, female Wistar rats were fed ad libitum either a normal-fat diet (control group, C) or a high-fat diet (HF), enriched in coconut oil, for 7 weeks. In experiment II, HF rats after ®nishing experiment I were fed (for 3 weeks) either the normal-fat diet (group CAHF, Control After High Fat) or food restricted diets which provided 60% of the energy intake of group CAHF: a group fed a low-energy, normal-fat diet (LENF) and another fed a low-energy, high-fat diet (LEHF). MEASUREMENTS: Body and fatty depot weights. Food intake. Protein and UCP1 levels of interscapular brown adipose tissue. RESULTS: High-fat diet feeding promoted an increase in body fat content, body weight and UCP1 levels. Energy restriction induced similar body weight reduction in groups LENF and LEHF. However, some adipose depots were more strongly reduced in the rats fed the high-fat diet enriched in coconut oil (group LEHF) than in the rats fed the normal-fat diet (Group LENF). Speci®c UCP1 was 2.0 (group LENF) and 3.4 (group LEHF) times higher than in controls (group CAHF). CONCLUSION: The coconut-oil enriched diet is effective in stimulating UCP1 expression during ad libitum feeding and in preventing its down regulation during food restriction, and this goes hand in hand with a decrease of the white fat stores.
Introduction
Brown adipose tissue (BAT) is the main effector of cold and diet-induced thermogenesis (DIT) in rodents. It plays an important role in modulating energy expenditure¯uctuations in response to changes in dietary intake. 1±3 BAT is characterized, at a biochemical level, by a tissue-speci®c mitochondrial proton conductance pathway, which leads to the regulated dissociation of substrate oxidation from the synthesis of ATP. The proton conductance pathway is controlled by the uncoupling protein (UCP1), also called thermogenin, located in the inner mitochondrial membrane. 4, 5 The physiological function of DIT is to burn the excess energy ingested after overfeeding (that is, palatable diets) in order to prevent excessive weight gain. 6 So, a defective activation of DIT in BAT should theoretically lead to an increased energy gain ef®ciency that would result, over a long term, in obesity. 7 Actually, most of the animal models of obesity known so far, exhibit a defective BAT thermogenesis. 5, 7 A wide assortment of dietary manipulations 6±14 can affect BAT thermogenic capacity: fasting and energy restriction causes a decrease, 11 high-fat diets 8, 10, 14 and the so-called`cafeteria diets' 8, 11, 12 can acutely stimulate thermogenesis and BAT recruitment, changes in dietary macronutrient composition and in fatty acid composition may also affect thermogenesis in brown fat and thus, energy balance.
8±14
The present study determined the effects of overfeeding on a high fat diet, enriched in coconut oil, and the in¯uence of food restriction on UCP1 expression and on body fat content in non-obese female rats.
Materials and methods

Animals and diets
The study was conducted on ®ve-week-old female Wistar rats (approx. 115 g) purchased from Iffa-Credo (Barcelona, Spain), that were adapted to the room and cage environments one week before the beginning of the protocol. They were housed individually in polycarbonate metabolic cages (Tecniplast, Gazzada, Italy) which allowed the daily estimation of food consumption. The cages were maintained in a temperature (23AE 2 C) and humidity (50%)-controlled room with 12 h : 12 h light : dark cycle, lights on at 08.00 h.
Diets were freshly prepared every week throughout the experimental period and stored at 0 ± 4 C to avoid rancidity. The composition of all diets are described in Table 1 . Every content of the diet was calculated by the sum of the energy content of the individual ingredients. Fatty acid composition of the added oils was determined by gas chromatography and is shown in Table 2 . In food restricted animals, the amount of protein was adjusted to ensure an adequate intake when diets were consumed at the 60% energy level. Casein was purchased from Sigma (Barcelona, Spain), starch from Vencasser (Bilbao, Spain), cellulose from Fluka (Barcelona, Spain), coconut oil from Acofarma (Barcelona, Spain) and vitamins from Roche (Barcelona, Spain). Commercial olive oil (Koipe 1 , Koipe S.A., Jaen, Spain) was obtained from a supermarket.
Experimental procedure
Two experiments were carried out for this study.
Experiment I. Rats were systematically randomized into two groups (n 8) and fed ad libitum either a normal-fat diet (control group, C) or a high-fat diet (HF) for seven weeks. Normal-and high-fat diets provided 12% and 60%, respectively, of energy from fat. The latter was formulated by replacing carbohydrate energy with coconut oil energy. Animals had free access to water. At the end of this period, rats were weighed and killed by decapitation.
Experiment II. Twenty-four rats followed the same dietary treatment as group HF, that is, free access to the high-fat diet for seven weeks. Then, they were divided into three weight-matched groups of eight rats each and were fed de®ned diets for three weeks. At the end of this period, animals were weighed and killed by decapitation. Animals always had free access to drinking water.
The three groups studied were fed the following diets: Group CAHF (Control After High Fat) had free access to the normal-fat diet, the same as group C from experiment I. The other two groups were submitted to food restricted diets which provided approx. 60% of the energy intake measured for group CAHF. Food intake of animals belong to group CAHF was monitored daily, the mean was calculated and used to provide a similar energy intake of either a normal-fat or a high-fat content diet to each restricted group. Thus, obtaining groups fed a low-energy, normal-fat diet (LENF) and a low-energy, high-fat diet (LEHF) respectively.
Sampling, tissue homogenization and UCP1 determination
Carcasses of animals were dissected to obtain interscapular brown adipose tissue (IBAT) and white adipose tissue (WAT) from different anatomical Thermogenic effect of a low-energy high-fat diet MP Portillo et al locations: subcutaneous, perirenal, parametrial, mesenteric and perimuscular. Samples were immediately frozen in liquid nitrogen and stored at 780 C at the end of each experiment. The samples from experiment I and II were processed together. Therefore, homogenization and determination of protein and UCP1 levels were carried out in parallel, to ensure comparability between the groups studied and the two experiments performed (although the rats were killed with a difference of three weeks because of the experimental design).
IBAT was homogenized in PBS (pH 7.2), ®nal concentration 15% wav, with a Te¯on glass homogenizer (10 strokes) (Anoisa, Barcelona, Spain) and the homogenate was ®ltered through two layers of gauze.
Protein concentration was measured by the method of Bradford 15 with BSA as a standard. Immunoblotting for UCP1 was carried out as previously described.
11,16±18 The source of the rabbit polyclonal antibody against rat UCP1 made in our laboratory, is largely explained in a previous paper. 11 The speci®city of the antiserum to the UCP1 has also been previously con®rmed by immunoblotting of BAT and liver homogenate proteins and puri®ed UCP1. 11 SDSaPAGE was carried out principally as described by Laemmli, 19 with 30 mg of homogenate protein per lane. Electrotransfer, blocking and development of the immunoblot was performed as described, 16 except that the electrotransfer set was from Bio-Rad (Barcelona, Spain) and the ®nal colour development was achieved with an alkaline phosphatase conjugate substrate kit containing Nitro Blue Tetrazolium and 5-bromo-1-chloro-3-indolyl phosphate (Bio-Rad), according to the manufacturer's instructions. For quantitative analysis, the bands were scanned with a BioImage computing densitometer (Millipore). The values obtained per lane were directly assumed as units of UCP1 and used to calculate the speci®c content of UCP1.
Statistical analysis
Values presented in Table 2, Table 3 and Table 4 are given as means AE s.e.m. The Student's t-test was used for comparison between two groups. P values`0.05 were considered as statistically signi®cant.
In addition, differences between groups (experiment II) were evaluated by analysis of variance (ANOVA test); when ANOVA yielded signi®cant 
Results
Experiment I
Rats fed the high-fat diet (HF) ingested a smaller amount of food, but their energy intake was 16.4% higher than the control animals. The excess intake of energy and lipids, promoted a higher body weight (7.8%) when compared with controls. WAT from all anatomical locations, was higher in the HF rats, although statistically signi®cant differences were observed only for certain sites ( Table 3 ). As shown in Table 4 , IBAT weight was increased by high-fat feeding and there was a clear effect on UCP1 levels which were also higher in HF rats (speci®c UCP1 was 2.5 times higher and total UCP1 was 3 times higher) (see also Figure 1 ).
Experiment II
Irrespective of the dietary fat content, energy restriction induced similar body weight reduction (approx. 15%) in both group LENF and group LEHF, in comparison to the respective controls (CAHF) ( Table 3) . Concerning adipose tissue weights, energy restriction resulted in signi®cantly decreased WAT from all the anatomical locations studied in both low-energy fed groups, in comparison with the controls (CAHF). However, the content of fat in the diet, had a clear effect on the weight of these depots. Despite the fact that both low-energy fed groups were submitted to the same extent of energy restriction, some depots were more strongly reduced in the rats fed the high-fat diet enriched in coconut oil (group LEHF) than in the rats fed the normal-fat diet (group LENF) ( Table 3) .
Lower IBAT weights and higher levels of UCP1 ( Figure 1) were shown in dietary restricted rats (groups LENF and LEHF) in comparison to the control group (CAHF). Slight differences between the two feeding-restricted groups were found. Feeding with the normal-fat content diet (group LENF) caused a higher decrease in UCP1 levels than feeding with the high-fat diet, enriched in coconut oil (group LEHF) (see also Figure 1 ). Thus, speci®c UCP1 was 2.0 (group LENF) and 3.4 (group LEHF) times higher than in controls (group CAHF). A similar pattern was seen for total levels of UCP1 (Table 4) .
Discussion
Feeding rats the high-fat diet ad libitum for seven weeks increased energy intake, body weight and adiposity, which is in good accordance with other previous data. 20 This dietary treatment also caused an increase in UCP1 levels, thus allowing an enhancement of thermogenesis during this period of voluntary hyperphagia, as shown in other studies.
8,10,14 HF rats did not become obese, in fact they only showed 7.8% overweight, which was low in comparison with the range of excess body weight (from 20±55%) shown in other previous studies in which high-fat diets were mainly based on longer chain fatty acids.
20±22 This fact may be attributed to the increased UCP1 levels observed in HF rats, which could serve to minimize the extent to which the excess of energy intake was retained as fat.
The amount of protein used in this study, was adequate to support normal growth, 23 although it could also be postulated that the increased UCP1 levels in high-fat (coconut oil) diet fed rats could be attributed to its relatively low protein content, given the well known stimulatory effect of low protein diets on BAT thermogenesis. 24 Another factor that could be considered, is that the animals were young and still growing (as shown by the increasing body weight in control groups during both experiments (C and CAHF)) as it is more dif®cult to induce fat accretion in young animals than in adults. To a certain extent, these factors could also be involved, in part, in the relatively small body weight gain found in the group HF, thus contributing to the speci®c effect of the highfat diet enriched in coconut oil.
Group HF of experiment I was compared to group CAHF of experiment II assuming that any changes in UCP1 levels that could be expected would only serve, at any rate, to highlight the differences found between the two groups. This is most likely true as, for instance, BAT weight after returning to a normal-fat content diet for three weeks, after seven weeks of high-fat feeding (group CAHF), was not signi®cantly different from group HF (P 0.182, t-test), although this control (animals on high-fat diet for all ten weeks of the experiment) was not studied. On the other hand, the fact that the UCP1 content was found to be signi®cantly lower (P`0.0002, t-test) would suggest Figure 1 Immunoblots showing the uncoupling protein (UCP1) levels in brown adipose tissue (BAT) from rats fed different diets. Experiment I: after feeding ad libitum a high-fat diet (HF) for seven weeks. Experiment II: after three weeks of food restriction with a low-energy normal-fat (LENF) or a low-energy high-fat (LEHF) diet. C control group; CAHF control after high-fat diet of Experiment I.
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When rats were fed the low-energy diets (groups LENF and LEHF), speci®c UCP1 levels were clearly higher than in the ad libitum fed animals (group CAHF). The food restriction seems to have a positive effect of its own on BAT. Higher speci®c UCP1 levels in LENF than in the corresponding control group (CAHF) could not be attributed to differences in lipid (18.1 vs 17.7 g) or protein intake (65 vs 64 g). However, LENF rats are submitted to an energy restriction of 40% respect to CAHF rats; a situation similar to prolonged starvation, which has been shown to cause a high increase in the UCP1acytochrome oxidase ratio, especially in the lightest mitochondria. 25 Long term starvation has also been shown to cause a rise in UCP1 mRNA as a compensatory mechanism that may be associated with a fall in body temperature. 26 Although body temperature was not measured in our experiments, this may be a plausible explanation for the maintenance of higher levels of UCP1 in LENF rats.
Higher speci®c and total UCP1 levels in LEHF than in the corresponding control group (CAHF) could be attributed to both the energy restriction and the highfat diet, enriched in coconut oil. However, if we consider UCP1 levels (speci®c and total) at the onset of experiment II (group HF), UCP1 levels decreased (P 0.016, t-test) in LENF rats, while no decrease was found when coconut oil was maintained in the energy-restricted diet (group LEHF) (not statistically different (NS) P 0.495, t-test).
In fact, the results of major interest are those of groups LENF and LEHF, the latter showing statistically signi®cant, higher UCP1 levels (both speci®c and total levels) and lower WAT size (statistically signi®cant for the subcutaneous and perimuscular depots). Then, differences between groups LENF and LEHF (which had the same energy consumption) could be attributable to the different composition of fat intake. In this sense, our results are in accordance with previous studies showing that an intake of coconut oil accelerates noradrenaline turnover in the heart 27 and limits fat accretion. 28 In the same way, feeding animals with medium-chain triglycerides causes elevated rats of energy expenditure, possibly resulting from sympathetic activation of brown fat thermogenesis. 23 In the present study, we used a high-fat diet speci®cally rich in medium-chain fatty acids (47% C12, 17% C14, 9% C16 and 15% other medium-chain fatty acids). See Table 2 for the complete description of the fatty acid composition of the diets used in this study. However, we do not know whether another low-energy, high-fat diet would cause similar effects to those demonstrated here. Short-term feeding of a high-PUFA diet has been reported to recruit BAT thermogenic capacity by increasing UCP1 content, 13 effects that may not be due solely to the total fat content of the diet, but probably to speci®c properties of the PUFAs used in the diet. 10, 13 Further studies are required to ascribe the speci®c role of individual or a combined mixture of medium-chain fatty acids. However, our results help to postulate that the higher levels in speci®c and total UCP1 may be associated to the fatty acid composition of coconut oil.
To our knowledge, this is the ®rst study showing that a high fat-containing energy-reduced diet sustains high levels of UCP1 expression and that this goes hand in hand with a decrease of the white fat stores. Thus, a potential interest in medium-chain fatty acid enriched diets enhancing diet-induced, UCP1 based thermogenesis and its potential application to the control of obesity, could be suggested.
